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Graphical abstract 
 
 
Highlights 
 
 We prepared a new supported micrometric photocatalyst to degrade ibuprofen. 
 The new supported catalyst was tested in a continuous 500 mL reactor. 
 GC-MS analyses identified 13 degradation products. 
 Our catalyst degrades ibuprofen and reaches mineralization in 6 h. 
 The catalyst remained active and stable during all the tests. 
 
Abstract 
The ingredients of Pharmaceuticals and Personal Care Products (PPCPs) persist in water and 
conventional treatment plants are not able to remove them efficiently. Sonochemical treatment is 
insufficient to mineralize organics such as ibuprofen into CO2 and H2O. TiO2 degrades ibuprofen 
(IBP) under UV light; however, it does not reach a high grade of conversion. Here, we investigated 
the mineralization of ibuprofen to CO2 by TiO2 UV-C photocatalysis. We replaced nano-sized P25 
(the standard catalyst) with a micro-sized commercial sample of TiO2 to preclude the use of 
nanoparticles which are dangerous for human health and because typical filtration systems are 
expensive and inefficient. We deposited micro-TiO2 on glass Raschig rings to ensure an easy 
recovery and reuse of the photocatalyst and we studied its performance both with a batch and a 
continuous reactor. Micro-TiO2 mineralized 100 % of IBP in 24 h. TiO2-coated glass Raschig rings 
degraded 87 % of IBP in 6 h of UV-C irradiation in a continuous reactor, with a mineralization of 
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25 %. Electronspray ionization mass spectrometer (ESI-MS, positive mode) analyses identified 13 
different byproducts and we hypothised a degadration pathway for IBP degradation. 
 
Keywords: Ibuprofen degradation; wastewaters; continuous reactor; supported catalyst; Kronos 
1077; micrometric sample 
 
1. Introduction 
Industries at large produce waste that pollutes bodies of water [1,2]. These emerging contaminants 
are persistent [3] and untreatable with conventional water treatment plants (WTPs) [4]. 
Pharmaceuticals and Personal Care Products (PPCPs) account for the majority of these 
contaminants. They retain their concentration and structure or are converted into other compounds 
in aquatic matrices [5]. PPCPs concentrations’ range from ng L-1 to μg L-1 in surface water [6,7], 
which is enough to affect human and wildlife physiology [8,9]. Conventional treatment plants 
inefficiently remove PPCPs [10]. Behera et al. detected 17 of 20 target compounds in the effluents 
of an advanced Korean WTP [11]. Koplin et al. found a median of 7 organic wastewater 
contaminants in 139 American streams between 1999 and 2000 [12]; in 2017, Glassmayer et al. 
analyzed drinking water with a GC-MS. It revealed several classes of chemical compounds, 
including pharmaceuticals [13]. Feng et al. reviewed Electrochemical Advanced Oxidation 
Processes (EAOPs) to remove anti-inflammatory and analgesic pharmaceuticals, including aspirin, 
ibuprofen and ketoprofen [14], however this process is unfeasible due to electrical costs. Ibuprofen 
(IBP), i.e. (RS)-2-(4-(2 methylpropyl)phenyl)propanoic acid, is an anti-inflammatory and has 
detrimental effects on wastewater active sludge [15]. Davids et al. demonstrated that IBP shifts the 
structure and population of active sludge bacteria and significantly decreases their activity, 
especially for nitritation/denitritation bacteria [16].  Ultrasound (355 kHz, 30 W) degrades organic 
pollutants  (initial concentration of pollutant = 23-230 ppm), but it does not mineralize them [17]. 
Sonolysis (45 kHz, 125 W) and photocatalysis (P25, 1 g L-1) degraded chlorinated organic 
compounds and mineralized them in 200 min [18]. However, in the case of IBP, sono- and photo-
degradation produce long-living intermediates that need a post-biological treatment, as reported by 
Arriaga et al. [19].  
Fe3+ and P25-TiO2 (concentration of 1 g L
-1) sonophotocatalytically degraded IBP; photocatalysis 
mineralized 74 % of the IBP and sono-photocatalysis mineralized 92 % [19] (Xe-OP lamp emitting 
a photon flux power of 6.9 µE s-1, initial concentration of IBP was between 25-200 ppm). Choina et 
al. doped TiO2-P25 by Zr species, improving catalyst activity under UV light, but without 
completely mineralize it [20], in particular they degraded IBP (20-60 ppm) at room temperature 
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using a Philips UV-vis solar lamp (power of 60 W) and a catalyst concentration of 10 mg L-1. Yuan 
et al. [21] and El-Sheikh et al. [22] focused on visible light photodegradation of IBP. They reached 
100 % photodegradation of IBP without complete mineralization. LED lamps, emitting at 410 nm,  
degraded IBP (initial concentration of 5 ppm) with a power of 40 mW cm-2 and a photocatalyst 
concentration of 400 mg L-1 [21]. On the other hand, El-Sheikh et al. [22] employed a LED lamp 
with a power of 1 mW cm-2 emitting at 420 nm. The initial IBP concentration they chose was 20 
ppm and a catalyst concentration of 0.5 g L-1. 
Even though the results reported in literature are encouraging, most of the papers lack a description 
catalyst recovery. P25-TiO2 is the standard photocatalyst. However, its nanometric size makes it 
difficult to filter, considering the high water mass treated in a common wastewater plant (50-100 m3 
y-1 person-1 [23]). Moreover, P25 have adverse effects on human health [24].  
Here, we report for the first time the complete mineralization of IBP by TiO2 UV photocatalysis. 
We replaced nano-sized P25 with a micro-size commercial sample of TiO2 (Kronos K1077) to 
avoid the use of nanoparticles, considering their harmful health effects [25] and their difficult 
management in WTPs [26]. K1077 degrades NOx (see sample A in reference [27]) and ethanol 
[28].  
Moreover, we deposited K1077 on glass Raschig rings to avoid filtration. We therefore aim at 
studying a process that may be applied in large-scale WTPs. 
2. Materials and methods 
 
2.1 Materials 
Ibuprofen (Sigma Aldrich, 99 %) was used without any further purification. We prepared TiO2 
coated Raschig rings with dimensions of 6x6 mm and 8x8 mm (Fig. 1). The thickness of both rings 
was 1 mm. 
 
 
 
We coated the glass Raschig rings with a tailored ink containing a TiO2 by Kronos (K1077). K1077 
particle size and crystallographic phase composition was reported in a previous work (see Table 1 
of reference [27], sample A). This catalyst consists of anatase, its particle dimension ranges from 
110 nm to 130 nm and its specific surface area is 10-15 m2 g-1. 
The ink was designed and developed for digital ceramic printers [29]. It contains a weight 
percentage of TiO2 of 12 % and silica-based compounds that vitrifies at the calcination 
temperatures and stabilizes the photocatalyst particles. The ink is employed for the production of 
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photocatalytic industrial slabs [30] that were tested for aspirin and paracetamol abatement in water 
[31].  
Both glass rings were immersed in the ink solution for 5 min and then heated at 650 °C for 30 
minutes (ramp of 15 °C min-1) to favour the inks adhesion onto the glass surface. We characterized 
the powders before and after the calcination in a previous work by laser Raman microspectroscopy. 
Calcination does not affect the crystal structure of TiO2 [30]. 
 
2.2 Reactors and photocatalytic setup 
 
To assess the performance of the new supported catalyst, we compared a typical test in a batch 
slurry reactor (Figure 2a) to a continuous reactor filled with K1077-coated Raschig rings (Figure 
2b).  
For both reactor configurations, a UV-C germicide immersion lamp (Jelosil, model GL8, 220 V, 9 
W, emission wavelength: 215 nm) provided UV light and irradiated the solution at a power of 55 W 
m-2. The volume of the reactor is 600 mL, 380 mm height and with an internal diameter of 50 mm. 
We prepared IBP solution using tap water with a concentration of 20 ppm. We chose the initial 
concentration of IBP of 20 ppm to work far from the detection limit of the instrumentation. 
Moreover, even though pollutants’ concentration in real wastewaters is lower, the typical initial lab 
test concentration is of the order of ppm [19,20]. In the batch reactor, K1077 concentration was 0.1 
g L-1. 
 
In the continuous configuration (Figure 2b), a pump recirculated the solution through the reactor 
(from bottom to top), with a flowrate of 100 mL min-1. The pump was immersed in a reservoir (with 
a 2 L volume). The reactor was filled with the Raschig rings. We charged 1030 ± 25 6 x 6 Rings 
and 625 ± 25 8 x 8 rings respectively. Even though the number is different, the total surface area of 
these two catalysts were similar (0.22 m2 and 0.24 m2, respectively, see Table S1 in the 
Supplementary Material file). We took samples at 60 min intervals for 6 h and kept the temperature 
constant at 25 ± 2 °C for both setups. Due to safety reasons, we could not run experiments in 
continuous mode overnight. Prior to photocatalytic tests, we evaluated the photolysis of IBP, i.e we 
run a test without the catalyst. All the tests were run in duplicate and here we report the average 
values. 
 
2.3 Analytical  
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An HPLC (1100 Series Instrument, Agilent) with a diode array detector, monitored IBP 
concentration. It was equipped with a 125 mm × 4 mm C18 reverse phase column. The mobile 
phase composition was 72:28 v/v of K2HPO43H2O buffer and acetonitrile (HPLC grade), 
respectively. The buffer contained 2.3 g of K2HPO43H2O dissolved in 1000 mL of HPLC grade 
water. Its pH was adjusted to 6.8 ± 0.1 with NaOH. 
IBP peak was detected at 222 nm and peaks of intermediate products were recorded at 210 nm. We 
selected these two wavelengths according to preliminary tests followed by recording the full UV-vis 
spectrum (PG Instruments, model T60 U, from 190 nm to 400 nm, see Supplementary Material file, 
Figure 1S). 
A total organic carbon analyzer (TOC 5000A, Shimadzu Instrument) calculated the IBP 
mineralization.  
A field emission scanning electron microscope LEO1525 (SEM) imaged the K1077 Raschig rings 
after a sputtering coating with chromium. 
An electrospray ionization mass spectrometer (LCQ Advantage System ESI-MS, Thermo Finnigan) 
individuated some of the degradation byproducts. The MS spectra were obtained by direct infusion 
of the samples’ solutions under ionization. The instrument applied a voltage of +3.0 kV to the ESI. 
We operated in positive mode, even though IBP was better detected in negative mode since it is an 
acid, because of the lower signal to noise ratio, which permitted to individuate photodegradation 
by-products (compare Figure 2S and 3S in Supplementary material). Full-scan mass spectra were 
recorded in the mass/charge (m/z) range of 50 to 2000.  
 
3. Results and discussion 
3.1 Batch photodegradation of IBP  
UV-C light degrades IBP in 5 h (Figure 3, conversion of 99.0 %). Da Silva et al. obtained the same 
conversion [32]. We calculated a half-life time of 28.7 min for the photolysis of IBP, assuming 
pseudo-first order kinetics. Da Silva et al. obtained a value of 18.4 min; this is ascribable to the 
different power emitted by the UV-C lamps (they employed three UV-C lamps with a nominal 
power of 9 W each, therefore applying a total power of 27 W [32]). K1077 improves the 
degradation of IBP, with a conversion of 99.0 % in 4 h.  However, UV-C mineralizes 18 % in 6 h 
while with K1077 32 % is mineralized.  
 
After 24 h, K1077 mineralizes all IBP.  
Braz et al. studied the ecotoxicity of IBP byproducts against Daphnia Similis [33]. The generated 
hydroxylated byproducts led to a microorganism mortality rate of 80 % after 6 h. Méndez-Arriaga 
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reached the same conclusion with Vibro Fischeri bacteria as a reference [19]. Since byproducts are 
more toxic than IBP itself, it is necessary to reach a high grade of mineralization. We therefore 
conclude that the use of a photocatalyst is necessary to mineralize all chemicals formed during IBP 
degradation and photolysis is not a viable technique for water treatment plants.  
 
3.2 Photodegradation of IBP using glass Raschig rings  
 
A balance weighted the Raschig rings before and after the coating. TiO2 loading was 0.005 g ± 
0.001 g per ring (α = 0.05). We obtained this value subtracting the average weight of 25 Raschig 
rings coated by the average weight of 25 rings uncoated on a precision balance (0.1 mg precision). 
Therefore, the mass of catalyst in the two reactors is different. The slurry reactor contains 0.06 g of 
K1077 while we charged in the continuous reactor 3.13 ± 0.20 g and 5.15 ± 0.20 g of K1077 coated 
on 8x8 and 6x6 rings, respectively. We believe that running a test with a constant mass of catalyst, 
i.e. without filling all the reactor with rings, is not coherent since we aim at using our new catalyst 
in a real application, and thus we studied the performance of the reactor filled with coated Raschig 
rings, without considering the different amount of catalyst charged. 
8 x 8 mm glass Raschig rings achieved higher degradation and mineralization compared to the 6 x 6 
mm (Figure 4). Ibuprofen final degradation was 87% and 66 % using 8 x 8 mm and 6 x 6 mm 
Raschig rings, respectively; mineralization was 25 % and 13 %, respectively (Figure 5). 
 
 
  
  
 
 
 
 
In the batch slurry reactor, IBP is always in contact with the catalyst and the light. In contrast, in the 
continuous reactor the pump flows IBP through a reservoir and then into the actual reactor.   
If we consider the volume of tubes and connections as negligible, the ratio between the volume of 
the reactor and the volume of the reservoir is 0.6 L / 2 L = 0.3. This means that 30 % of the test 
time IBP reacts in the continuous reactor. This calculation holds because we assumed that there is 
not a residence time distribution of IBP inside the reactor. 
Considering the actual reaction time, we can conclude that the continuous reactor is less efficient 
than the slurry reactor (Figure 5), with an IBP conversion of 96.3 % in 2 h versus 87 % in 1.8 h 
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We explain the difference in activity with a “screening effect” of the TiO2 layers deposited on the 
Raschig rings. We studied the contribution of the TiO2 layers by comparing 8 x 8 mm TiO2-coated 
glass Raschig rings with bare ones. TiO2 deposition increased the degradation of IBP from 71 % to 
87 % in 6 h, and it increased the mineralization by 11 %. 
Results are consistent with the limitation of UV-C irradiation due to the increase of glass Raschig 
ring layers. Quartz rings avoid this problem but we did not run any experiments with this material 
because of the high cost of quartz, which affects negatively  
We ran the continuous reactor filled with uncoated 8x8 mm glass Raschig rings and confirmed our 
assumptions (Figure 6). 
 
Even though the performance of K1077-coated Raschig rings is lower compared to the slurry 
reactor, the rings are recoverable and we observed no powder leaching (verified by centrifugation of 
a sample taken from the reservoir at the end of the reaction, i.e. after 6 h). This datum should be 
confirmed also after running the reactor for sever hours, but it is promising. We propose a reactor 
configuration that requires no catalyst filtration, an economic advantage in a real application. 
 
3.3 Microscopy and coated-rings stability 
SEM images revealed that fresh K1077 agglomerates on the Raschig ring surface and creates 
irregular blocks of 60-75 µm (Figure 7a), whereas after 6 h, K1077 uniformly covers the rings 
(Figure 7b) unaltering the average dimensions. At greater magnification we detected a change in the 
catalyst shape: the starting K1077 exhibits mixed morphological features, being constitute of 
elongated rods and rounder agglomerates (Figure 7c). After the photocatalytic run the material’s 
particles are spherical (Figure 7d). Water flow through the Raschig rings increases turbulence 
causing the morphological transformation. 
 
 
Even though the morphology of the catalyst changed after the test, we did not observe a substantial 
leaching of K1077 from the glass because after a centrifugation at 10 000 rpm of the solution 
remained in the reservoir at the end of the test, we did not find any powder. This confirms that the 
procedure we propose yields a catalyst that is stable and easy to recover. 
 
3.4 IBP photodegradation byproducts  
The mass spectra revealed a high abundance of ions with molecular masses of 160, 188, and 370 Da 
(Table 1, 1 h). 
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IBP’s molecular mass is 206 Da; the ions with masses of 160 Da and 188 Da are therefore 
degradation products. The ion with a mass of 370 Da belongs to higher complexes. The spectra at 1 
h and 4 h are reported in Figure S3 in the Supplementary Material file. 
 
 
The most abundant ion masses are 115 Da and 106 Da at 8 h along with 115 Da and 86 Da at 24 h. 
Photocatalysis degrades aromatic rings whereas sonolysis does not [34]. 
We identified 13 different molecules and propose a pathway for ibuprofen photodegradation 
(Figure 8). Initially, K1077 decarboxylizes IBP creating radicals that react to form dimers or an 
alcohol through the reaction with water. DellaGreca et al. [35] identified the same first step in the 
photodegradation of Naproxen-Na. Furthermore, they detected dimmers in the presence of 
inorganic salts. Olefin and etoxy derivatives were detected during the degradation in distilled water. 
Alternatively, Castell et al. [36], instead, studied the photodegradation product of IBP in methanol 
and identified the presence of dimers in absence of salts. They individuated p-ethylisobutylbenzene, 
1-(4-isobutylphenyl)ethanol and 4-isobutylacetophenone. We detected the latter product with 
K1077 and a UV-C light source.  
 
Conclusion 
TiO2-coated Raschig rings are an excellent option for photocatalytic water treatment plants because 
of their safer profile compared to a nanometric catalyst.  
We proved that micro-TiO2 powders degrade and mineralize ibuprofen with UV-C. Replacing 
nano-P25 with micrometric K1077 eliminates the need for nanoparticles, which are harmful. We 
deposited micrometric TiO2 on glass Raschig rings and found that in a continuous reactor they 
degraded 87 % of ibuprofen, with a mineralization of 25.4 %. We propose a unit operation that does 
not need any filtration step to recover the catalyst. We did not optimize the pump flowrate, another 
variable that influences conversion of ibuprofen. The new coated catalyst does not leach K1077. 
We also identified degradation by-products and proposed a possible reaction pathway for ibuprofen 
at our experimental conditions. 
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Figure captions 
 
Highlights 
 
Figure 1: Glass Raschig rings without catalyst (on the left) and coated with a thin film of TiO2 (on the right). 
  
 
Figure 2: Batch (a) and continuous (b) reactor setup. The catalyst was K1077 powder (a) or K1077 
coated Raschig rings (b). 
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Figure 3: Batch degradation and mineralization of IBP with and without (photolysis) K1077 
powder. 
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Figure 4: IBP photodegradation (a) and mineralization % (b) over time; comparison between TiO2-
functionalized 8x8 mm (empty symbols) and 6x6 mm (full symbol) Raschig rings. 
 
Figure 5: comparison between the performance of the slurry batch reactor (diamonds) with the 
continuous reactor considering the actual residence time of IBP in contact with the catalyst (full 
points) or the total test time (empty points). 
AC
CE
PT
ED
 M
AN
US
CR
IPT
  
Figure 6: IBP photodegradation (full points) and mineralization (empty points) over time in the 
continuous reactor filled with uncoated glass 8x8 mm Raschig rings. 
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Figure 7: SEM images of the surface of a Raschig ring before (a and c) and after (b and d) the 
reaction in the continuous reactor. 
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Figure 8: Proposed route for the photodegradation of IBP. All possible isomers are not displayed. 
The numbers near the molecules correspond to their molecular masses. The molecule whose mass 
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are not into Table 1 are reported as hypothetical by-products to get to the complete mineralization 
of IBP 
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Table 
 
Table 1: most abundant molecular masses in each sampling (from top to bottom), continuous 
reactor, 8x8 mm K1077 coated Raschig rings. Since the voltage of the ESI is positive, the masses 
reported are reduced by a unity (H+ mass) , i.e. we rduced by 1 the mass obtained by the MS 
spectra. 
time (h) 1 4 5 6 8 24 
Molecular 
mass (Da) 
160 188 188 297 115 115 
188 160 160 262 106 86 
370 370 370 149 135 135 
176 296 176 176 86 77 
206 206 206 188 77 106 
118 176 293 84 
  
104 293 290 110 
  
    104 104     
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